Insertion of the mercury resistance transposon Tn501 into broad-host-range plasmid RPl greatly enhanced the ability of this plasmid to promote chromosome transfer in the photosynthetic bacterium Rhodopseudomonas sphaeroides. Compared with the wild-type RP1, which produced less than 10-8 recombinants per donor cell, RP1::Tn5Ol produced between 10-3 and 10-7 recombinants per donor cell depending upon the marker selected. Plasmid RPl::Tn5Ol promoted polarized transfer of the chromosome from one or perhaps two origins on the chromosome, giving rise to two linkage groups. All of the biosynthetic and antibiotic resistance genes that have been mapped, including those involved in photosynthesis, occur on one or another of these linkage groups.
The mechanism of photosynthesis is a complex one, and for this reason relatively simple photosynthetic organisms, such as the facultative phototrophic bacterium Rhodopseudomonas sphaeroides, seem a logical choice for a rapid and detailed analysis of this process. Not only is R. sphaeroides important as a model system for studies on photosynthesis, but it is also capable of photochemical nitrogen fixation and the photoevolution of hydrogen (4) . Genetic analysis of these properties is essential to complement the extensive biochemical and biophysical data available (3, 22, 25) . Such studies would be greatly facilitated by the availability of a range of genetic techniques like those which have proven so successful for the genetic analysis of Escherichia coli and a variety of other procaryotic organisms (2, 14) .
Although specialized transduction and transformation have been reported for R. sphaeroides (20, 27, 29) and a type of generalized transduction has been discovered in the closely related Rhodopseudomonas capsulata (15, 24, 31) , naturally occurring conjugation and chromosome transfer systems have not been detected among members of the family Rhodospirillaceae (21) . Fortunately, a number of broad-host-range R plasmids are freely transmissible to R. sphaeroides from E. coli (17, 18, 23, 28) . With the exception ofR68.45 (23) , these plasmids promote chromosome transfer at low frequencies (28) and thus are of limited value in mapping the genome of this bacterium.
A number of reports have been published suggesting that translocatable elements, either insertion sequences or transposable antibiotic resistance elements, play a major role in the ability of certain plasmids to mobilize the chromosome of certain bacteria (1, 8, 10) .
In this paper we report that broad-host-range plasmid RP1 carrying the mercury resistance transposon Tn501 promotes greatly enhanced levels of chromosome transfer in R. sphaeroides. This discovery has led to the construction of a linkage map of the genome of this organism.
MATERIALS AND METHODS
Bacterial strains and plasmids. Details of the bacterial strains used for the work described in this study are presented in Table 1 . The strains of E. coli carrying RP1 and RP1::Tn501 were supplied by V. A. Stanisich (La Trobe University). The transposable element does not alter any known phenotypic characteristic of this plasmid.
Carotenoid and bacteriochlorophyll mutants similar to those obtained in R. capsulata by Yen et al. (31) were isolated from R. sphaeroides after ethyl methane sulfonate mutagenesis. "Blue-green" mutants formed greyish-green colonies after growth under aerobic (dark) conditions and accumulated no carotenoids with absorption in the visible region of the spectrum. "Green" mutants formed yellowish-green colonies, and "yellow" mutants formed pale yellow colonies after aerobic growth. A fourth class of mutants, not described by Yen and co-workers (31), formed pale pink colonies under aerobic conditions and produced small amounts (5 to 10% of wild-type levels) of both carotenoids and bacteriochlorophyll. Such mutants, designated by the symbol bcr, grew normally under aerobic (dark) conditions, but slowly under photosynthetic (light) conditions. In addition, mutants incapable of the biosynthesis of functional bacteriochlorophyll his-3 met-5 trp-5 his-3 ile-2 phe-7 his-3 aro-1 leu-3 met-2phe-2 crt-5 met-2 arg-2 crt-6 met-2 arg-2 bcr-7 met-2 phe-2 crt-18 met-2phe-2 bcr-19 met-2phe-2 bch-7 met-2 phe-2 crt-29 met-2phe-2 bch-12
Media and cultural conditions. Z broth consisted of 10 g of tryptone (Difco Laboratories, Detroit, Mich.), 5 g of yeast extract (Difco), 10 g of NaCl, 1 g of glucose, 0.4 g of CaCl2. 2H20, and 1 liter of distilled water. Z agar consisted of Z broth and 2% agar. Minimal medium consisted of 1 g of NaHCO3, 0.5 g of NH4CI, 0.2 g of K2HPO4, 0.2 g of MgCl2, 0.1 mg of biotin, 1 mg of thiamine, 5 mg of nicotinic acid, 2 mg of p-aminobenzoic acid, 0.2 mg of riboflavin, 1 mg of pantothenic acid, 1 g of glucose, and 1 liter of water. Minimal solution was prepared as a 5OX concentrate and was sterilized by saturating with chloroform. Minimal agar was prepared by adding an appropriate amount of minimal solution concentrate to autoclave-sterilized agar in water (2%, wt/vol).
Unless otherwise specified, all cultures were incubated at 350C. Cultures were aerated by shaking at 350 rpm in a shaker (New Brunswick G24 Environmental Incubator Shaker; New Brunswick Scientific Co., New Brunswick, N.J.).
Antibiotics, amino acids, mercuric salts, and mutagens. Kanamycin sulfate, streptomycin sulfate, penicillin G, ethyl methane sulfonate, and amino acids were obtained from Sigma Chemical Co., St. Louis, Mo. Kanamycin Z agar contained 20 yg of kanamycin sulfate per ml, streptomycin Z agar contained 20,ug of streptomycin sulfate per ml, and mercury Z agar contained 10 1sg of HgCl2 per ml. All amino acids were added to a final concentration of 20 ug/ml.
Mating on solid medium. Exponential Z broth cultures (ca. 10W colony-forming units per ml) of the donor and the recipient were spotted together on a Z agar plate and incubated for 24 h at 35°C. The patch was scraped off the plate and suspended in 5 ml of saline (0.9% [wt/vol] NaCl in distilled water). The culture was centrifuged and resuspended three times in an equal volume of saline and then plated out at appropriate dilutions on various selective and nonselective media. Z agar plates were incubated for 2 days before the colonies were counted. Minimal agar plates were incubated for 5 to 6 days before recombinant colonies were counted and analyzed. Isolation of auxotrophic mutants. Ethyl methane sulfonate was added to an exponential Z broth culture (ca. 10W colony-forming units per ml) to a final concentration of 8% (vol/vol), and the culture was incubated without aeration for 30 min. The cells were then centrifuged, washed once with Z broth, resuspended in an equal volume of Z broth, and incubated for 18 h to allow expression of the mutations. The culture was then centrifuged, and the cell pellet was suspended in an equal volume of minimal medium. Cells were incubated for 6 h to deplete the medium of growth substrates. This culture was then centrifuged, the pellet was suspended, and the culture was diluted to a final concentration of ca. 10 colony-forming units per ml in minimal medium plus 1 jig of penicillin G per ml. The diluted culture was incubated with aeration for 18 h, pelleted by centrifugation, and washed once with minimal medium to remove residual penicillin. Finally, the culture was plated out on Z agar to give approximately 100 colonies per plate and replica plated onto minimal agar to identify potential auxotrophic mutants. Mutant strains having low back-mutation rates (less than 10-8) were retained, and their auxotrophic requirements were identified.
RESULTS
Detection of chromosome transfer. The two donor strains RS6152(RP1) and RS6152(RP1::Tn5Ol) were crossed with a number of single, double, and triple auxotrophic strains of R. sphaeroides. Crosses involving strain RS6152(RP1) produced few recombinants, generally at a level less than 10-' for all the markers tested. In contrast, RS6152(RP1:: Tn501) produced recombinants at levels varying between 10-3 and 10-7, depending on the marker selected ( Table 2) . A notable feature of these results was that the level of recovery of recombinants for particular amino acid auxotrophs, e.g., phenylalanine, was remarkably constant.
Although plasmid transfer from RS6152(RP1) and RS6152(RP1::Tn5Ol) to the recipient population as a whole varied between 1% and 10%, transfer of RP1::Tn5Ol to recombinant cells was less variable and generally occurred at a higher frequency of 10 to 40%, regardless of the chro- 3 x 10-9 <2 x 10-9 <2 x 10-9 4 x 10-9 1 x 10-9 <2 x 10-9 2 x 10-9 1 x i0-9 <2 x 10-9 <1 x 1o-9 2 x 10-9 5 x io-9 <1 x 10-9 <1 x 10-9 <1 x 10-9 <1 x 10-9 4 x 10-9 1 x i0-9 3 x 10-9 3 x 10-9 5 x 10-9 5 x 10-9 1 x 10-9 1 x 10-9 1 x 10-9 2 x 10-9 2 x 10-9 3 x 10" <1 x io-9 <1 x 1o-9
Frequency of recombinant formation per donor cellb 5 X 10-6 1 X 10-5 :Tn501). b Plasmid transfer to the recipient population as a whole occurred at a frequency of between 1 and 10% per donor cell. For recombhiants the frequency of plasmid inheritance varied between 10 and 40% regardless of the marker selected. In these experiments RS6152(RP1) gave less than 10' recombinants per donor cell. mosomal marker selected. Although these data suggest that there may be some association between chromosome transfer and plasmid transfer, any segregation of plasmid markers with a particular chromosomal gene, which may have resulted from an interaction between RP1:: Tn501 and the chromosome during the process of mobilization, could have been obscured by independent transfer of the plasmid to recombinant cells.
Location of genes on the first linkage group. The data in Table 3 show the linkage of chromosomal genes and plasmid genes in a cross between RS6152(RP1::Tn5Ol) and the triple auxotrophic strain RS6200 (his-3 met-5 trp-5). A similar experiment involving RS6152(RP1) as the donor yielded very low levels of recombinants (less than 10-8), making an examination of linkage relationships impractical.
Linkage was shown to occur between his-3, trp-5, and met-5. If it is assumed that RP1:: Tn501 promoted transfer of this linkage group from a single origin, then, from the level of recovery of recombinants, trp-5+ and his-3' would have entered the recipient cell close together, a conclusion supported by the high levels of linkage observed to occur between these two genes. Similarly for met-5i, both the reduced recovery of recombinants and its reduced linkage to both trp-5' and his-3+ would suggest that this gene enters the recipient cell later than trp-5+ and his-3+. The failure to detect linkage between these three markers and either str-14 or crt-1 suggests that these two genes may be located much further along or on another linkage group.
Location of genes on a second linkage group. The data in Table 4 showed that the genes str-14, leu-3, aro-1, and crt-1 were linked to one another but not to his-3, suggesting that these four genes comprise a second linkage group. The relative positions of the genes were determined from both the linkage data and the frequency of recovery of recombinants (Tables  2 and 4 ). The other amino acid biosynthetic genes (gly-1, arg-2, phe-1, aro-1, aro-2, phe-4, phe-2, and arg-4) were located according to their linkage to both crt-1 and str-14 ( Table 5) .
Location of genes affecting carotenoid and bacteriochlorophyll synthesis. The data in Tables 4 and 5 showed that the crt-1 gene was linked to genes located on the second linkage group. No linkage was demonstrated between crt-1 and genes on the first linkage group (Table  3 ). Nine additional bacteriochlorophyll and carotenoid mutants were found to map close to phe-2 and arg-2 ( Table 6 ). That these nine genes map very close to the crt-1 gene was demonstrated by crossing a blue-green donor (crt-1) with the various carotenoid and bacteriochlorophyll mutants and looking for wild-type (Bch' Crt+) recombinants. The closer the two genes are, the less likely a crossover between them would have produced a wild-type recombinant.
The recovery of wild-type (Bch' Crt+) recombinants was relatively low (Table 7) , confirming the close linkage between crt-1 and these nine carotenoid and bacteriochlorophyll genes. It appears from both the level of recovery of recombinants and the linkage values between various genes that RP1::Tn5Ol may promote chromosome transfer in a polarized fashion from a single origin in either orientation or from two separate origins with a single orientation. The photosynthetic genes so far mapped occur in a linked cluster in a single region of the main chromosome. Other biosynthetic genes, particularly those for phenylalanine biosynthesis, appear to be linked to one another. The distribution of other genes is less certain, although all of the histidine genes so far mapped give rise to high levels of recombinants, indicating that, like his-3, they may be close to an origin of transfer. Suitably marked recipient strains are being con- The linkage values were obtained by screening at least 100 recombinants. All recombinants were streptomycin sensitive and produced normal levels of carotenoids (crt-1+). b The inheritance of plasmid RP1::Tn5Ol was scored by resistance to both mercuric ions and kanamycin. The +/-symbols denote ability (+) or inability (-) to synthesize amino acids, ability (+) or inability (-) to synthesize carotenoids, and sensitivity (+) or resistance (-) to streptomycin. ' The linkage values were obtained by screening at least 100 recombinants for each selected marker. 11 31 a The linkage values were obtained by screening at least 100 recombinants. structed to determine the location of these genes more precisely. Finally, all markers so far tested give at least 1o-7 recombinants per donor cell, indicating that all regions of the genome may be accessible to mapping using RP1::Tn5Ol. DISCUSSION Insertion sequences and transposable antibiotic resistance elements have been implicated in the ability of certain conjugative plasmids to promote chromosome transfer (1, 8, 10) . One explanation for this chromosome mobilizing ability is that the presence of the translocatable element on both the plasmid and the main chromosome provides the homology required for integration of the conjugative plasmid to form a bch-12+ (18) a The linkage values were obtained by screening at least 100 recombinants. Strains carrying either the crt-I or crt-5 mutation were termed blue-green; crt-18 or crt-29 were termed green; crt-6 or crt-8 were termed yellow; bcr mutants produced low levels of both carotenoids and bacteriochlorophyll; bch mutants lacked bacteriochlorophyll.
high frequency of recombination (Hfr) donor. However, the creation of regions of homology seems insufficient to explain why Tn5O1 confers chromosome mobilizing ability on RP1, and other transposons, such as Tnl and Tn5, have no parallel effect on the chromosome mobilizing ability of the conjugative plasmids RP1, R906, R751, and R388 (Pemberton and Bowen, unpublished data) . Perhaps the answer can be found in the high frequency with which Tn501 transposes from one replicon to another (26) .
Regardless of the explanation for the effect of Tn501 on the chromosome mobilizing ability of Rpl, a similar phenomenon has been observed by Holloway and Haas (5, 6, 8) for the closely related R plasmid R68. Derivatives of this plasmid, particularly R68.45, carrying an insertion of genetic materil close to the kanamycin resistance gene (13) , have been shown to mediate chromosome transfer in a wide variety of gramnegative organisms (8) . It is assumed that it is this inserted sequence that confers ihe chromosome donor ability. If RP1 carrying Tn5OI is as efficient in promoting chromosome transfer in other gram-negative species ofbacteria as it is in R. sphaeroides, then the combination of the plasmid and its inserted sequence, Tn501, can be retained intact (30), the conjugative nodulating plasmids of Rhizobium species (9) , and the conjugative pesticidedegradative plasmids of Alcaligenes eutrophus and Acaligenes paradoxus (19) .
Availability of donor strains which show greatly enhanced abilities to mobilize the chromosome of R. sphaeroides has allowed the first extensive mapping of the genome of this photosynthetic organism, revealing a number of interesting features of the arrangement of various photosynthetic, biosynthetic, and other genes. All of the carotenoid and bacteriochlorophyll genes so far emined map together in a single region of the genome and are linked to genes involved in biosynthesis of the amino acids phenylalanine, arginine, leucine, and glycine and resistance to streptomycin. In R. capsulata, the carotenoid and bacteriochlorophyll genes exhibit very close linkage (31) .
Using the empirical fornula drawn up by Kondorosi et al. (11, 12) , which relates genetic linkage to map distances, it has been possible to construct a tentative map of the two linkage groups of R. sphaeroides (Fig. 1 ). From our experience the distance between various markers, as determined from linkage values using this formula, are not precisely additive. The 0, Tables 3, 4 , 5, and 6, using the formula of Kondorosi et al. (11, 12) .
VOL. 147, 1981 greatest error occurs in using the formula for markers which show only low (less than 5%) linkage to one another. If it is assumed that R. sphaeroides carries its genetic determinants in a single chromosome, there are at least two explanations for the two linkage groups. First, RP1::Tn5Ol may promote chromosome transfer from two origins on the chromosome. The more frequently used origin would be close to his-3, trp-5, and met-3; the other origin is close to the photosynthetic genes. Second, if there is a single origin of transfer, perhaps RPl::Tn5Ol can transfer in either direction from this single origin. Further mapping of the genome may enable these two linkage groups to be joined.
Data presented in this paper can be compared with an earlier report by Sistrom (23) of chromosome transfer in R. sphaeroides. Although the overall frequencies of recovery of recombinants are similar in the two studies, the recovery of recombinants for certain markers was different. With R68.45, Sistrom found a high level of recovery of recombinants for a streptomycin resistance gene, medium recovery for a methionine gene, and high recovery for a histidine gene. In contrast, our studies with RP1::Tn5Ol revealed a low level of recovery of recombinants for a streptomycin resistance gene, medium to low recovery of recombinants for the four methionine genes tested, and high recovery of recombinants for the five histidine genes examined. Coupled with these differences is the observation that R68.45 yields only low levels of recombinants with our strain of R. sphaeroides (28; Pemberton, unpublished data).
Finally, the discovery of RP1::Tn5Ol-promoted chromosome transfer in R. sphaeroides has allowed the compilation of the first tentative map of the genome of this interesting photosynthetic organism. Further mapping of the photosynthetic genes can now be undertaken, since these genes appear to occur as a single unit in a region of the genome which is easily accessible to conjugal mapping techniques. In addition, it should be possible to map the location of other metabolically important genes, such as those involved in photochemical nitrogen fixation and hydrogen evolution.
